, J. S.: 1996. Three-dimensional swimming behavior of individual zooplankters: observations using the acoustical imaging system FishTV. -ICES Journal of Marine Science, 53: 363-369.
Introduction
Quantitative information about the three-dimensional in situ swimming behavior of zooplankters is nearly absent from the literature (but see Hamner and Hamner, 1993) . It is becoming increasingly clear that threedimensional tracks of individual plankters are needed for a variety of studies in behavioral ecology (Price et al., 1988; Hamner and Hamner, 1993) . The role of individual behavior in patch formation and maintenance is an example (Price et al., 1988; Hamner, 1988; Marine Zooplankton Colloquium 1, 1989) .
Animals in the ocean need to find and exploit regions of higher than average food density (patches) in order to grow and reproduce (Lasker, 1966; Mullin and Brooks, 1976) . They employ many types of swimming behavior to find and stay with food. These may be divided into directed movement (taxis, from Fraenkel and Gunn, 1940) and random movement (kinesis). Both taxis and kinesis can lead to aggregation by foragers. An example of the former is sharks following a scent gradient directly to a food source. An example of the latter is area-restricted searching.
The area-restricted search model (Tinbergen et al., 1967) predicts that optimum foragers searching for food or other resources in a patchy environment will slow down upon encountering a patch and turn more, in an effort to remain within the patch. Such behavior leads to aggregation of consumers. This effect has been explored for zooplankton. Williamson (1981) observed an increase in looping, but no significant change in speed, for the freshwater copepod Mesocyclops edax when exposed to increased prey density. Buskey (1984) observed a decrease in swimming speed and an increase in turning for Pseudocalanus minutus in response to increased food. Wong and Sprules (1986) observed a decrease in turning for the freshwater copepod Limnocalanus macrurus, which they ascribed to the fact that it was hunting a fast-moving prey, and speculated that a straight path may actually increase the encounter rate with such a prey. In a later study, Wong (1988) observed a lower swimming speed for Metridia pacifica exposed to algae compared with that of M. pacifica in the absence of food, but no change in turning. Price (1989) observed in a mesocosm study that the euphausiid Thysanoessa raschii responded to a phytoplankton patch by increasing speed within the patch and decreasing turning. These animals remained within the patch not by looping more, but by ''reflecting'' off the patch boundaries. Hamner et al. (1983) observed looping and spiraling in Euphausia superba in the presence of food. Stretch et al. (1988) observed E. superba engaging in area-intensive search behavior in ice-edge feeding, characterized by increased turning and swimming rates. Most recently, Strand and Hamner (1990) have observed krill slowing down to feed, both in the wild and in aquaria.
Agreement is almost universal that field observations of undisturbed behavior are of greater value than observations made in the laboratory. All quantitative observations of area-restricted searching have been made in the laboratory or in large mesocosms (e.g. Price, 1989) . Observations made in the field (e.g. Hamner et al., 1983; Strand and Hamner, 1990 ) have been anecdotal. Quantitative observations of area-restricted searching, and other zooplankton behavior, require the measurement of animal paths in three dimensions in the field.
Quantitative measurements of zooplankton trajectories were carried out using the three-dimensional acoustical imaging system FishTV (FTV) during the night and early morning of 24-25 March 1993 at a site 28 km south-west of Point Loma, California, USA, in the San Diego Trough. A data set from this cruise has been analyzed and will be described and discussed in this paper.
Materials and methods
The observations were made on 24-25 March 1993 in the San Diego Trough, 28 km south-west of Point Loma, California aboard the research platform RP ''FLIP'' (Fig. 1 ). There were two parts to the observational system: FTV to measure three-dimensional tracks of zooplankton and a video system to identify animals visually. FTV is a three-dimensional acoustical imaging system developed by our research group for very fine-scale observations of zooplankton and small fish (Reuss and Jaffe, 1992; McGehee and Jaffe, 1993; McGehee, 1994; Jaffe et al., 1995) . The system works by forming a set of 64 acoustic beams in an 8 by 8 pattern ( The camera, a PhotoSea TV1000Z camera with zoom capability, was used at its widest angle setting. In this configuration, the depth of field was approximately 23 cm to infinity. Two RemoteOcean Systems model QL-3000 underwater lights were mounted on either side of the camera, approximately 25 cm from the lens axis. The camera was located 1.0 m below FTV (Fig. 1) . The camera was aimed so that the volume of water 2.5 m from FTV was in the field of view of both FTV and the camera. A Sony CCD-TR81 Hi-8 video camera, used only in recording mode, recorded the data from the underwater camera.
Video data were recorded from 1802 h on 24 March until 0752 h the next morning, with a gap from 0200 h to 0400 h. The images showed quantities of marine snow drifting past as well as many animals that were too close to the camera to be in focus. There were also many identifiable animals in focus. Among the animals identified were euphausiids, amphipods, copepods, chaetognaths, squid, and small fish. The underwater lights appeared to attract animals. To test this idea, the lights were extinguished from 2013 h to 2020 h. When they were turned back on, the density of swimmers close to the camera appeared to be lower than before. Another effect of the lights was to cause animals very close to the camera/light system to swim in tight loops, often remaining within centimeters of the camera lens for more than 20 s. Despite these effects the lights were left on to permit the camera to function. Lights were strobed at the beginning and end of each acoustic data sequence to link the video and acoustic data.
Sequences of acoustic images were taken at various times during the night. The 60 image sequence starting at 2101 h was selected for detailed analysis. At an average image rate of 0.88 images s 1 , the sequence represented slightly more than a minute of data. ''FLIP'' was located at the time at 32 31.949 N, 117 28.415 W; water depth was 1220 m. Targets greater than 83 dB re 1 m 2 target strength were identified in each image using a three-dimensional target detection algorithm (Fig. 3) which employed a matched filter detector, a three-dimensional ''peak picker'', and a decision level set at 83 dB for improved signal-to-noise ratio performance (McGehee, 1994) . The targets were tracked manually from image to image with help from a threedimensional searching algorithm that looked for candidate targets in each image in the vicinities of their locations in the previous image; 314 targets were thus tracked. Their acoustic target strengths ranged from 83.0 dB to 57.7 dB. The locations of the targets were converted to a right-hand cartesian coordinate system originating at the FTV underwater unit, with x positive to the left, y positive going up, and z positive going away from the hull of ''FLIP''.
Results and discussion
The observed movement of the acoustic targets was divided into directed and random components. Directed movement included movement of targets past the sensors due to currents, waves, the motion of ''FLIP'', and possibly vertical migration. This definition of directed movement does not entirely agree with that of Fraenkel and Gunn (1940) , who attributed directed movement solely to locomotory movement by the animals. Acoustic estimates of directed movement were made by averaging the movement of all targets between each pair of images. These revealed a nearly linearly increasing displacement to the right with an average speed of 7 cm s 1 (Fig. 4a) . We attribute this motion to current. The vertical component showed oscillatory motion with approximately 17 s period (Fig. 4b) , attributed to surface waves and the response of ''FLIP''. There is the hint of a downward trend in the vertical displacement, in the order of 0.3 cm s 1 , which might be attributable to downward vertical migration, or perhaps to the passage of an internal wave. The motion perpendicular to the hull showed small random movements with a larger shift of about 15 cm at time 37 s (Fig. 4c) . The uncorrelated component of each target's movement, determined by subtracting the directed movement from the target's total movement, was attributed to random swimming behavior. Average speeds of individuals varied between 2 cm s 1 and 41 cm s 1 , with a mean of 11 cm s 1 and a median of 10 cm s 1 . Random swimming speed was not correlated with target strength (Fig. 5a) . This was initially surprising as one might generally expect larger animals both to swim faster and to reflect more sound than smaller animals. However, there may be several confounding factors. Chu et al. (1992) have shown that the narrowband scattering responses of some types of animals often show peaks and nulls as a function of size. Thus, a small animal may actually scatter more sound than a larger individual of the same species. Morphology also plays a role. A small fish with a swimbladder may reflect more sound than a larger crustacean with no swimbladder. Finally, it is possible that the size range of animals observed in this data set was simply too small to show any relationship between size and speed.
Swimming speeds observed in the data set are consistent with those measured by other investigators. Torres and Childress (1983) , measuring oxygen consumption of euphausiids, noted in a preliminary experiment that one individual had a speed of 350 m h 1 (9.7 cm s 1 ). Smith et al. (1989) estimated the vertical velocity of the deep scattering layer at 8 cm s 1 during a vertical migration. These observations show general consistency with the observed median speed of 10 cm s 1 in the ''FLIP'' data. The average speed of the fastest individual in the ''FLIP'' data, 41 cm s 1 , is consistent with measurements by Hamner and Hamner (1993) of a sergestid shrimp executing a tail-flip maneuver at 140 cm s 1 . In addition to swimming speed, we also determined mean path curvatures for 214 of the animals. While only two consecutive images were needed to determine the velocity of a target, a minimum of three was required to determine curvature. Only 214 of the targets appeared in three or more consecutive images. The curvature of a three-dimensional path is defined as: (Wylie, 1975) , where K is curvature in m 1 , T is the dimensionless unit length vector tangent to the path, and s is the path length in m. Path curvature was estimated using a discrete approximate form of Equation (1): Mean curvature of path was not correlated with target strength (Fig. 5b) . However, it was strongly correlated with mean speed in an inverse relationship (Fig. 5c) . Best fit to the data is given by:
where K is in m 1 and speed is in m s 1 . Equation (2) indicates that regardless of speed or size the plankters turned at an average rate of 1.2 rad s 1 . A behavioral explanation for these observations was suggested by the fact that mean speeds were positively correlated with range ( Fig. 5d) , whereas mean path curvatures were negatively correlated with range (Fig.  5e) . The levels of correlation were small but statistically significant. Animals close to the sonar appear to have been affected by the camera lights; they swam more slowly and with greater curvature to stay in the light. As mentioned before, this effect was also seen in the video data.
The data are consistent with the area-restricted search model in that they show animals moving more slowly and with greater curvature in the presence of a ''resource'' (the camera lights in this instance). The lights were, of course, artificial and intense, and not necessarily a resource for zooplankton in the same way as food. Therefore, caution is advised in interpreting the data as an unambiguous demonstration of area-restricted searching. However, to the extent that the photokinetic response is similar to the food response, the observations are consistent with the model.
Conclusions
1. This was an early successful test of the threedimensional acoustical imaging system FishTV. FishTV tracked hundreds of individual zooplankters in situ at a site in the San Diego Trough.
2. The animals turned with an average rate of 1.2 rad s 1 regardless of speed or acoustic target strength, although there was a good deal of scatter in the data. This means the trajectories of slow-moving animals generally had more curvature than did those of fast-moving animals.
3. The camera lights appeared to influence the behavior of the animals. Animals near the sonar, and consequently the lights, swam more slowly, and with tighter curvature, than did animals farther from the sonar.
4. If the camera lights can be considered a ''resource'', then the behavior we observed is consistent with the area-restricted search model for optimum foragers in a patchy environment. We recognize the artificiality of the situation, and therefore recommend caution in interpreting the data as an unambiguous demonstration of area-restricted searching. Nevertheless, we are intrigued by the observations and hope they will stimulate more research into in situ zooplankton foraging behavior.
